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[Abstract] 
The broadband ferromagnetic resonance measurement using the rectifying effect of 
Ni81Fe19 wire has been investigated. One wire is deposited on the center strip line of the 
coplanar waveguide (CPW) and the other one deposited between two strip lines of CPW. The 
method is based on the detection of the magnetoresistance oscillation due to the magnetization 
dynamics induced by the radio frequency field. The magnetic field dependences of the 
resonance frequency and the rectification spectrum are presented and analytically interpreted 
on the standpoint of a uniform magnetization precession model. 
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I. Introduction 
Ferromagnetic properties in the GHz region have been actively explored for 
applications in radio-frequency (RF)/microwave devices by using many kinds of procedure, 
such as ferromagnetic resonance (FMR), Brillouin light scattering 1 – 3, the time-resolved 
magneto-optical Kerr effect 4 - 6, and so on. These procedures, however, have their own 
distinguishing advantages and disadvantages for the characterization of the high-frequency 
magnetization dynamics. The development of new methods as well as measuring techniques is 
a crucial issue, not only for the basic scientific field but also technical applications. 
Recently, several new electrical measurements 7 – 13 were proposed, which are 
extremely sensitive and suitable for investigating the magnetization dynamics in sub-micron 
scale magnets. One of them is pulse inductive measuring used to determine the time domain 9 
of dynamical properties of component films and multilayer spin-valve stacks. It is especially 
useful in the characterization of the intrinsic dynamical properties with recourse to expensive 
storage-oscilloscopes for high-speed sampling and wideband amplifiers. The broadband 
spectrometer is preferable since it allows one to study FMR in constant magnetic fields. The 
novel inductive technique of FMR using vector network analyzer gives an insight into the 
modal spectrum with respect to the frequency and effective damping of the various modes 7, 8.  
Currently, the investigation of spin-polarized current has progressed, with applications 
  4/33 
to spintronics devices such as magneto-resistive random-access memories and microwave 
generators. The spin-polarized current flowing through ferromagnetic multilayers is known to 
generate spin wave excitation 14, 15 together with magnetization reversal. The physical 
mechanism, as revealed by the experimental results, is a consequence of the spin angular 
momentum transfer, which occurs due to the interaction between the spin-polarized current and 
the ferromagnetic moment. One of the interesting properties is the rectification of RF current 
occurring in magnetic tunnel junction (MTJ) 10, in spin-valve structure 11 and in single-layered 
ferromagnetic wire 12. This rectification is explained in terms of the by the magnetoresistance 
oscillation attributable to spin-transfer torque. It should be noted that direct-current (DC) 
voltage is produced whenever the resonant RF current flows through these systems. 
In this study, we present the broadband FMR induced by RF current flowing in the 
coplanar waveguide (CPW) and show the experimental results on sub-micron single-layered 
ferromagnetic Ni81Fe19 wires. We also discuss the FMR spectrum, excited not only by the 
magnetic field but also by the difference in spin-transfer torque. In order to investigate the spin 
dynamics induced by the in-plane and out-of-plane RF field components, two kinds of devices 
were prepared; one is Ni81Fe19 wire, prepared on the center strip line of the CPW, and the other 
is prepared between the center strip line and the ground strip line of the CPW. 
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II. Sample fabrication and magnetic field mode 
The 22 and 30-nm-thick polycrystalline Ni81Fe19 wires are patterned by electron 
beam lithography and lift-off processing (Fig. 1). Two kinds of wire are prepared; One is 
prepared on the top of the CPW comprising a Cr (5 nm)/Au (38 nm) conductive strip (Fig. 
1(a)), and the other is prepared in the aperture between the conductive strip lines of the CPW 
comprising Cr (5 nm)/Au (80 nm) on MgO (100) substrates (Fig. 1(b)). The width of the 
22nm-thick Ni81Fe19 wire prepared on the CPW (Fig. 1(a)) is 2 μm, and that of the CPW strip 
lines is 3 μm. On the other hand, the width of the 30nm-thick wire prepared between the strip 
lines (Fig. 1(b)) is 2 μm, and that of the CPW line is 5 μm. 
The ground-signal-ground (GSG) type microwave probe is connected to the CPW, 
and the DC voltage difference induced by the RF current flowing through the system 12 is 
detected by using a bias-tee circuit and a voltmeter, as illustrated in Fig. 1(c). The sinusoidal 
voltage output of the signal generator (SG), with frequency range from 10 MHz to 15 GHz, 
produces an approximately elliptical field pattern hRF around the central line. In the 
arrangement in Fig. 1(a), the RF current flowing through the center strip gives rise to the 
transverse RF field, while in Fig. 1(b), the RF field acting on the wire is perpendicular to the 
plane due to the application of the RF current across the CPW. The external static magnetic 
field extH  is applied in the substrate plane as a function of tilting angle θ  from the 
  6/33 
longitudinal axis of the wire and the measurements are performed at room temperature.  
Figures 2(a) and 2(b) show the RF field distributions obtained by the High-Frequency 
Structure Simulator (HFSS) 17 for the cases of Figs. 1(a) and 1(b), respectively. The geometry 
and dimensions of the calculation are the same as those of the present sample except for the 
magnitude of the applied microwave power. The RF field distribution whithin the real space, 
visually shown in Figs. 2(a) and 2(b), is consistent with the analytical model and the analysis 
for the experimental results as latterly described. 
As shown in Fig. 2(a), the in-plane Oersted field along the y direction, produced by 
the RF current I  flowing at a distance z  is Hy (I, z) in the configuration of Fig. 1(a), where 
the y axis is transverse to the direction of the current. At a position close to the center 
conductor of the CPW but far from an edge, the center conductor appears as an infinite sheet of 
current, which produces the field xyh = I 2w  
9, where w  is the width of the center 
conductor of the CPW. The arrangement of Fig. 1(b) also provides an out-of-plane field 
( )z z, 2= =H I y h I y  along the wire axis, as shown in Fig. 2(b), in which y  is the 
distance between the center of the wire and the CPW center strip line. 
 
Ⅲ Analytical model for the spin dynamics 
The dynamics of the magnetic moment in RF field are analytically described by the 
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Landau-Lifshits-Gilbert (LLG) equation. The LLG equation in the coordinate system shown in 
Fig. 1(e) is expressed by 
( ) ( )0 eff RF(t) (t)(t) tt tγ α
∂ ∂
= − × + + ×
∂ ∂
m mm H h m ,                   (1) 
where ( )m t  denotes the unit vector along the local magnetization, ( S=m M M  and 
1=m ), 0γ  the gyromagnetic ratio, effH  the effective magnetic field, including the 
exchange and demagnetizing fields, RFh  the RF field produced by the RF current flowing 
through the center strip of the CPW, and α  the Gilbert damping constant. 
As schematically shown in Fig. 1(e), we define the ( ), ,x y z  coordinate system, in 
which each component corresponds to the vertical wire axis, the longitudinal wire axis, and the 
normal to the substrate plane, respectively. The external magnetic field is directed at angle θ  
from the x -coordinate axis. Subsequenctly, we also define the coordinate system ( ), ,a b c  
where the a  direction corresponds to the equilibrium direction of 0m  along the effective 
magnetic field eff ext A= +H H H  including the external field extH  and the shape magnetic 
anisotropy field AH . Now, we assume the uniform precession to be dominant and the 
exchange field to have disappeared. 
The unit vector 0m  inclines at an angle ψ  from the x -coordinate axis. The 
magnetization precession around effH  results in a small time-dependent component of the 
magnetization perpendicular to 0m , which is almost parallel to the direction of effH . 
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Subsequently, we can decompose the unit vector ( )m t  as 
( ) ( ) ( ) ( ) ( )( )0 a b c, ,δ= + =m m mt t m t m t m t , (2) 
where ( ) 1t =m  and so ( )2a cm = 1- m +m2b . The external field extH , the anisotropy 
field AH , and the effective field effH  in the ( ), ,a b c  coordinate system are given by 
    
( )
( )
ext
ext ext
cos
sin
0
θ ψ
θ ψ
−⎛ ⎞⎜ ⎟
= −⎜ ⎟⎜ ⎟⎝ ⎠
H
H
H ,   (3) 
    
a a
A S S b b
c c
⎛ ⎞⎜ ⎟
= − ⋅ = − ⎜ ⎟⎜ ⎟⎝ ⎠
H N m
N m
M M N m
N m
,  (4) 
and 
    
( )
( )
a ext S a a
eff ext A b ext S b b
c S c c
cos
sin
H H M N m
H H M N m
H M N m
θ ψ
θ ψ
− −⎛ ⎞⎛ ⎞ ⎜ ⎟⎜ ⎟
= + = = − −⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟
−⎝ ⎠ ⎝ ⎠
H H H ,                   (5) 
where N  is the demagnetization coefficient in the ( ), ,a b c  coordinate system, given by 
    
a x x y
b y x y
c z z
cos sin 0 cos sin
sin cos 0 sin cos
0 0 1
N N N N
N N N N
N N N
ψ ψ ψ ψ
ψ ψ ψ ψ
− −⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟
= = = +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠
N .            (6) 
In the case of the wire prepared on the conductor strip line, the RF field RFh &  in the plane is 
    ( )RF xy xye sin , e cos ,0i t i th hω ωψ ψ=h & .           (7) 
While, in the case of the wires prepared between the strip lines, the RF field perpendicular to 
the plane is written by 
  9/33 
 ( )RF z0,0, ei th ω⊥ =h .             (8) 
Here, the aspect ratio of the wire elongated along the x axis is large, and consequently Nx is 
almost zero. In the small precession angle limit around the effective field effH  
( a ad d 0, 1m t m=  ), the LLG equation can be linearized. In response to each driving field 
RFh &  and RF⊥h  with angular frequency ω , we can solve Eq. (1), considering a small 
variation, 
    ( ) ( )( ) ( )b c b c0, , 0, e , ei t i tm t m t m mω ωδ ≈ ≈m  and ( )0 1,0,0≈m .                   (9) 
The linearized LLG equation for the magnetization is reduced to a partial differential equation 
for the dynamic magnetization ( )b b ei tm t m ω=  and ( )c c ei tm t m ω= . Inserting them into Eq. 
(1) and taking only the linear terms in bm  and cm  into account, one obtains the following 
two cases: 
 
A. The driving field RFh &  in the plane of the wire 
After the substitution of Eqs. (5), (7), and (9) into Eq. (1) and the rearrangement of the 
terms, the following equation is obtained, neglecting the very small quadratic terms xy ch m  
and xy bh m : 
( )
( )
( ) ( )
( ) ( )
( )
( )
c a S cb c
0
ext a S b b xyc bsin [ ] cos
i t
m t H M Nm t m t
H H M N m t h em t m tt tω
γ αθ ψ ψ
+⎛ ⎞ −⎛ ⎞ ⎛ ⎞∂ ∂
≈ − +⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟
− − + +∂ ∂⎝ ⎠ ⎝ ⎠⎝ ⎠
.        (10) 
Rearranging Eq. (10), we obtain 
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[ ]
[ ] ( )
b 0 c c
0 b b c 0 ext xy
0
sin e cosi t
i m H i m
H i m i m H hω
ω γ ωα
γ ωα ω γ θ ψ ψ−
′⎧ + + =⎪⎨
′ ⎡ ⎤− + + = − − +⎪ ⎣ ⎦⎩
,        (11) 
where the components of the static field are replaced by 
    b a S b
c a S c
H H M N
H H M N
′ = +⎧⎨
′ = +⎩
.            (12) 
Forming a queue form Eq.(11), we obtain 
   [ ][ ] ( )
b0 c
c 0 ext xy0 b
0
sin e cosi t
mi H i
m H hH i i ω
ω γ ωα
γ θ ψ ψγ ωα ω −
⎛ ⎞′⎛ ⎞+ ⎛ ⎞
= ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟′ ⎡ ⎤− − +− + ⎝ ⎠⎝ ⎠ ⎣ ⎦⎝ ⎠
,    (13) 
In general, in ferromagnetic conductor is very small, and then 2 0α ≈  in the calculation. The 
solution of Eq. (13) is given by 
( )
( )
( ) ( )
( )
2 2 2 2
0 c k k 0 c0 ext xyb
22 2 2 2 2 2 2 2
c k k
sin e cosi t H i HH hm
m i
ω γ ω ω ωα ω ω γγ θ ψ ψ
ω ω ω α ω α ω ω ω
− ⎛ ⎞⎡ ⎤′ ′
− + − − Δ⎡ ⎤− +⎛ ⎞ ⎣ ⎦⎣ ⎦ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ − + Δ − Δ − −⎝ ⎠
 ,(14) 
where the FMR frequency kω  and Δ  are given by the following relations: 
    2 2k 0 c bH Hω γ ′ ′= ,                                            (15) 
 ( )0 b cH Hγ ′ ′Δ = + .                                                    (16) 
Now, the RF field is given by ( ) ( ) 2h t I t w=  with ( ) cosI t I tω= . The 
dynamic component bmδ  induces the AMR with a magnetization precession angle of ( )tφ  
around effH , namely, 
( )
b
sin tφ δ≈ ⎡ ⎤⎣ ⎦m m  and ( ) bsin 2 2tφ δ⎡ ⎤≈ ⎣ ⎦m m ,                   (17) 
and the inductive voltage is bd dV m tδ∝ . In the present case, a microwave current is 
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flowing, induced in the wire located between the strip lines. The detection circuit has 
capacitive and inductive coupling to the CPW structure (Fig. 2), as well as the source of 
rectification between the AMR and induced microwave currents. By considering these 
conditions, the product of the AMR and the current yields the DC voltage ( )0V t . 
  
( ) ( ) ( )
( )( )
( ) ( ) ( )
0
2
2 2 2
cos cos
1cos cos 1 2cos sin sin 2 sin 2
2
V t I t R t
I t R t
I R t t t
ω ψ φ
ω ψ ψ φ ψ φ
= ⋅
= ⋅ Δ +
⎡ ⎤
= ⋅ Δ + − −⎢ ⎥⎣ ⎦
. (18) 
The rectifying frequency spectrum of ( )0V t  is evaluated by the Fourier transformation of Eq. 
(18); 
    
( ) ( ) ( ) ( )
( )
2 2
0 S
2
2
S
b b
1 sin 2 sin 2 1 2cos sin
2
1 sin 2 2 1 2cos
2
V R I t t
R I
ω ψ φ ψ φ
δ δψ ψ
⎧ ⎫
≈ Δ ⋅ ⋅ − + −⎨ ⎬⎩ ⎭
⎧ ⎫⎡ ⎤ ⎡ ⎤⎪ ⎪
≈ Δ ⋅ ⋅ − ⋅ + −⎢ ⎥ ⎢ ⎥⎨ ⎬⎢ ⎥ ⎢ ⎥⎪ ⎪⎣ ⎦ ⎣ ⎦⎩ ⎭
m m
m m
,                  (19) 
where SI  and CI  are the current flowing through the wire and that flowing through the 
conductive strip line of the CPW, respectively. The second harmonic term cannot produce 
rectification and the DC voltage spectrum ( )0V ω  is expressed as 
    ( ) ( ) ( ) ( ) ( )2S C0 ext1 sin 2 cos 2 1 2cos cos sin2 2
R I IV A A H
w
ω ω ψ ψ ψ ψ ω θ ψΔ ⋅ ⋅ ⎡ ⎤≈ ⋅ − + − ⋅ ⋅ −⎢ ⎥⎣ ⎦ ,(20) 
where ( )A ω  is given by 
( ) ( )( )
2 2 2
0 c k
22 2 2 2 2
k
H
A
γ ω ω
ω
ω ω ω α
′ −
≈
− + Δ
.                      (21) 
When the external field extH  exceeds the anisotropy field AH , the 
magnetization aligns almost parallel to extH , namely, ψ θ≈ . Then, ( )0V ω  is proportional 
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to sin 2 cosθ θ . On the other hand, when extH  is smaller than AH , the magnetic moment 
directs along the longitudinal wire axis, namely, 0ψ ≈ D , and ( )0V t  is almost proportional to 
ext sinH θ . Consequently, the field and angle dependences of the induced DC voltage ( )ωV  
are summarized as follows: 
(i) ( )0 sin 2 cosV ω θ θ∝  when ext A>>H H         (22) 
(ii) ( )0 ext sinV Hω θ∝   when ext A<<H H       (23) 
These results are consistent with the previous works. Here, we must consider the 
effect of the inductive voltage signal (IVS), which is closely related to the transverse 
magnetization through Faraday’s law. The IVS is proportional to y bd d cos d dm t m tψ= ⋅  9. 
In this case, the θ  dependence of the IVS is given by 2cos θ  and sinθ  for 
ext A>>H H  and ext A<<H H , respectively. Therefore, 0V  is produced by the AMR 
oscillation due to the RF field in the former case (i). The IVS, however, may contribute to the 
DC signal in the latter case (ii). It is important to note the type of ( )0V ω due to the RF field 
always takes the dispersion one, while ( )0V ω  caused by the RF spin-polarized current 
directly flowing through the wire is given by the superposition of the Lorentzian and 
dispersion types 12. 
B. The driving field RF⊥h  perpendicular to the plane of the wire 
Where the wire is located between the center strip line and the ground strip line of the 
CPW, the RF field RFh  given by Eq. (8) is perpendicular to the plane on the wire position. 
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Likewise, after the substitution of Eqs. (5), (8), and (9) into Eq. (1) and the rearrangement of 
the terms we obtain, neglecting the very small quadratic terms z ch m  and z bh m , 
   ( )( )
( )
( ) ( )
( )
( )
b cc c z
0
c bext b b
e
sin
i tm t m tm t H h
m t m tH m t Ht t
ω
γ α
θ ψ
′⎛ ⎞⎛ ⎞ ⎛− ⎞−∂ ∂
≈ − +⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟′
− −∂ ∂⎝ ⎠ ⎝ ⎠⎝ ⎠
,            (24) 
and rearranging, we obtain 
   ( ) ( )
0 c zb
0
0 b extc sin e
i t
i H i hm
H i i Hm ω
ω γ ωα
γγ ωα ω θ ψ −
′ + −⎛ ⎞ ⎛ ⎞⎛ ⎞
≈ −⎜ ⎟ ⎜ ⎟⎜ ⎟
′
− + −⎝ ⎠⎝ ⎠ ⎝ ⎠
.           (25) 
The real part of the solution of Eq. (25) can be presented by 
   ( ){ }( )
( ) ( )
( ) ( )
2 2
0 kb z 0 c ext
22 2 2 2 2
c 0 b z extk
sin e
sin e
i t
i t
im i h H i H
m H i h i H
ω
ω
γ ω ω ωα ω γ ωα θ ψ
γ ωα ω θ ψω ω ω α
−
−
− − Δ ′⎛ ⎞+ + −⎛ ⎞
≈ × ⎜ ⎟⎜ ⎟ ⎜ ⎟′ + − −⎝ ⎠ − + Δ ⎝ ⎠
.       (26) 
There is the source of rectification between the AMR and induced microwave currents. 
Multiplying them yields a DC voltage. The frequency spectrum of the induced voltage 
( )0V ω is also expressed by the Fourier transformation of Eq. (26); 
( ) ( ) ( ) ( )
( )
( )
( ) ( ) ( ) ( ){ } ( ){ }
2 2
0 S
2
2
S
b b
2
2 2 2 2 2
k 0 c k ext
1 sin 2 sin 2 1 2cos sin
2
1 sin 2 2 1 2cos
2
2
sin 2 2 1 cos 2 sin
C S
V R I t t
R I
I IB R
y
B H H
ω ψ φ ψ φ
δ δψ ψ
ω ω α
ψ ψ ω ω ω γ ω ω θ ψ
⎧ ⎫
≈ Δ ⋅ ⋅ − + −⎨ ⎬⎩ ⎭
⎧ ⎫⎡ ⎤ ⎡ ⎤⎪ ⎪
≈ Δ ⋅ ⋅ − ⋅ + −⎢ ⎥ ⎢ ⎥⎨ ⎬⎢ ⎥ ⎢ ⎥⎪ ⎪⎣ ⎦ ⎣ ⎦⎩ ⎭
⋅
≈ ⋅ ⋅ Δ ⋅
′× −Δ + − ⋅ ⋅ − ⋅ Δ − − −
m m
m m    (27) 
where SI  and CI  are the current flowing through the wire and that flowing through the 
conductive strip line of the CPW, respectively, and ( )B ω  is given by 
   ( ) ( )
0
22 2 2 2 2
k
B γω
ω ω ω α
=
− + Δ
.               (28) 
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When extH  is much larger than AH , the magnetization directs along the applied field, 
then ψ θ≈ and the rectifying voltage can be expressed as 
   ( ) ( )
2
S C
0 sin 22
I I RV B
y
ω α
ω ω θ⋅ ⋅Δ ⋅ ⋅ ⋅ Δ= − ⋅ ⋅ .       (29) 
This condition shows that ( )0V ω  is proportional to sin2θ , which is consistent 
with the result of Costache 13. Conversely, extH  is smaller than AH , the magnetic moment 
is almost parallel to the direction of effH . Then, 0 const.ψ θ< = <D , and the ( )0V ω  is 
almost proportional to sinθ . 
III. Experimental Results 
A. DC voltage induced by the in-plane RF field 
In the rectification of RF current in the wire, the magnetization dynamics induced by 
the RF spin-polarized current result in the resistance oscillation that originated from the AMR 
effect 12, which generates the DC voltage 0V  combining with the RF current. Conversely, in 
the system comprising wires prepared on the CPW (Fig. 1(a)), the majority of the RF current 
flows in the CPW line and the wire. As shown in Fig. 1(d), the total resistance R  of the 
system can be calculated by 
( ) ( ) ( )( )S C S C/R t R t R R t R= + ,               (30) 
where ( )SR t  and CR  are the resistance of the Ni81Fe19 wire and that of the CPW line, 
respectively. In the system, 0V  is given by the multiple of ( )I t  and ( )R t . Here, as the 
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resistance of the CPW line is almost constant, 0V  is reduced to 
   ( ) ( ) ( ) ( ) ( )0 S SV t I t R t I t R t= ⋅ ≈ ⋅ ,                          (31) 
where C SI I I= + , ( )C S C SI IR R R= +  and ( )S C C SI IR R R= + . 
In the present frequency region, the CPW magnetic field distribution is similar to that 
of the quasi-TEM mode 16 as shown in Figs. 2(a) and 2(b), with the microwave magnetic-field 
pattern forming an ellipse about the central strip conductor. The microwave power injected into 
the CPW is +5dBm. The DC resistance of the CPW line is RC = 55 Ω while that of Ni81Fe19 
wire is estimated to be RS = 600 Ω, assuming the resistivity of Ni81Fe19 wire to be equal to that 
of bulk Ni81Fe19. Due to the impedance mismatch among cables, the bias tee, the GSG typed 
microwave probe, and the CPW with the sample, the RF attenuation depends on the frequency. 
To estimate the losses due to the impedance mismatch, we measure the total impedance of the 
system as a function of frequency using a vector network analyzer. For a wire of with 2μm 
prepared on the CPW, the impedance increases with frequency, while the change in impedance 
can cause an increase of up to 10 percent increase, virtually independently of frequency within 
the operational frequency range below 15 GHz (see Fig. 3). Therefore, we estimate that each 
RF current density flowing through the center coplanar strip line and the wire as 
( ) 106.0 6.2 10×∼  A/m2 and ( ) 97.0 7.2 10×∼  A/m2, respectively, the value of which are 
relatively low for the RF Joule heating at input power of +5dBm within the range 0 to 15 GHz, 
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The amplitude of the RF field on the center strip line is estimated to be 15 Oe 7 - 9. 
The magnetic field is applied to the substrate plane every 5D  from the wire-axis. 
Figure 4(a) shows the field dependence of the DC voltage difference ( )0V ωΔ  ( 30θ = D ) 
generated in the 2μm width wire prepared on the CPW, which is shown in Fig. 4(a). As seen in 
the figure, the peak (dip) position of the resonance spectrum shifts toward a higher frequency 
region with an increasing magnetic field. Figure 4(b) shows the frequency variations of the 
center between the peak and the dip for different frequencies of the RF field. The (red) solid 
circle is the experimental data, while the solid line fits with the Kittel formula for the uniform 
precession mode, including the shape magnetic anisotropy 18; 
( ) ( ) 1B 0 2A A S( ) gH H H H H Mμ μω = ⋅ + ⋅ + +⎡ ⎤⎣ ⎦= ,              (32) 
where g  is the Lande factor, and AH  the effective anisotropy field, including 
demagnetizing and exchange fields. The magnetic field dependence of the resonance frequency 
is in positive agreement with that of calculation using the Kittel’s Eq. (32), which is consistent 
with Eq. (15). As the RF field induced by the current precesses the magnetic moment in the 
wire, the AMR resistance also oscillates at the resonance frequency. This resistance oscillation 
generates 0V  combining with the RF current. 
The rectifying spectra for the magnetic field of 900 Oe in the substrate plane at 
0 ,35 ,85 ,95 ,145θ = D D D D D , and D180  are shown in Fig. 4(c). As seen in the figure, the 
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spectrum strongly depends onθ , indicating that the uniform precession is affected by θ  and 
that the sign of 0V  reverses when the sense of the field is reversed (θ  to 180θ + D ). 
Figure 5 shows the θ  dependence of 0VΔ  in the static magnetic fields of (a) 
ext 900=H  Oe and (b) ext 30=H  Oe. The solid curve represents (a) sin 2 cosθ θ  and 
(b) sinθ  fitting curves which are obtained from the analytical calculation result of case (i) 
and (ii) of Eq. (20), respectively. These fitting curves are in good agreement with the 
experimental results. 
It is noted that ( )0V ω  is generated in conjunction with FMR, as shown in Fig. 6. 
The (red) solid line shows ( )0V ω  induced by the in-plane RF field in the 22 nm-thick and 2 
μm width wire located on the CPW, while the (black) dashed line shows the spectrum induced 
by the RF spin-polarized current in the 30 nm-thick wire of width 2.2 μm. The type of ( )0V ω  
due to the RF field is of the dispersion type, as described in Eq. (18), while that of ( )0V ω  
due to the RF spin-polarized current is of the Lorentzian resonant type. These results can be 
ascribed to the difference in torque direction; with the torque direction caused by the in-plane 
RF field perpendicular to the plane but that of the spin-transfer torque in plane. 
 
B. DC voltage induced by the out-of-plane RF field 
The typical ( )0V ω  spectra for 150θ = D  for various Hext are shown in Fig. 7(a). 
Both the resonance frequency and 0VΔ  increase with the magnetic field. Figure 7(c) shows 
  18/33 
( )0V ωΔ  in Hext=600 Oe for 0 180θ = D D∼ . The resonance frequency takes a minimum at 
90θ = D and a maximum at 0θ = D  and 180θ = D , while ( )0V ωΔ  has a minimum at 
0 ,90θ = D D  and 180D . 
The additional and weak peaks observed in the trace of Figs. 7 (a) and 7(c) seem to 
be the additional spin wave modes. We note, however, only the dominant mode in order to 
proceed with the analytical calculation and the interpretation for the experimental data, since 
the additional modes are very hard to solve using the calculations. Figure 7(b) shows the static 
field dependence of the resonance frequency. The (red) solid circle is the experimental data, 
while the (black) solid line shows the fitting with the Kittel formula for the uniform precession 
mode given by Eq. (32) 18. Effective fitting demonstrates how the magnetization vector of the 
wire is driven in the uniform precession mode with respect to the dominant mode. The inset of 
Fig. 7(b) shows the variation of ( )0V ωΔ  with magnetic field, which the (blue) open square 
is the experimental data. The ( )0V ωΔ  at the FMR frequency increases with increasing 
magnetic field. According to the result of Eq. (29), ( )0V ωΔ  at the FMR frequency kω  is 
evaluated as follows: 
( )2 30 k 0 S c b b cV M H H H Hω γ ′ ′ ′ ′Δ ∝ Δ = + .          (33) 
When the demagnetization field is much larger than the applied field, we obtain c SH M′ ≈  and 
0 bV H ′Δ ∝ . These results (Fig. 7) indicate that the dominant mode is the uniform precessional 
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mode, consistent with the model described by Costache 13. 
The θ  dependence of 0VΔ  in (a) Hext=600 Oe and (b) Hext=50 Oe is shown in Figs. 
8(a) and 8(b), respectively. The (red) solid circle is the experimental data. The (black) solid 
line in Fig. 8(a) shows a sin 2θ−  curve, which fits to the data well. This indicates that the 
uniform precession mode is dominated in the magnetic field to a sufficient extent to direct the 
magnetization parallel to the field. Conversely, the (black) solid line in Fig. 8(b) shows a 
sin 2 sinθ θ− curve, which fits the data relatively well. The angle dependence, however, is 
difficult to explain using solely the uniform precession mode generated by the RF field 
perpendicular to the plane. The origin of the θ  dependence of ( )0 kV ωΔ  is contributable to 
the higher-order spin wave excitation within the confined structure of the shape-controlled 
ferromagnets 1 – 8. 
In conclusion, we demonstrated the rectifying broadband FMR spectroscopy for the 
micron-scale ferromagnetic wires induced by the in-plane or out-of-plane components of RF 
field using the CPW method. We showed that the experimental DC voltage spectrum ( )0V ω  
produced in the wires can be well explained by the present phenomenological and analytical 
model; based on the coupling between the RF current and the AMR oscillation derived from 
the uniform magnetization precession. 
We find that the characteristic asymmetric rectifying spectrum produced by the 
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in-plane RF field differs in comparison with the rectifying effect due to the spin polarized 
current directly flowing through the wire, while the θ  dependence of ( )0V ωΔ is almost the 
same. 
The broadband rectifying effect generated by the in-plane or out-of-plane 
components of the RF field using the CPW will provide a highly-sensitive measurement and 
analysis of spin dynamics in nano-scale magnets. As the effect can be easily tuned to control 
the resonance frequency, based on the shape of the wire or the magnetic field, this will 
facilitate fresh development for spintronics devices. 
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Figure captions 
 
Figure 1  
Schematic diagram and optical microscope image of the device in (a) in-plane and (b) 
out-of-plane magnetic field on the wire position. The external static magnetic field is applied in 
the substrate plane at an angle of θ  from the longitudinal axis of the wire. A schematic 
diagram of electrical measurement circuit (c) and equivalent circuit (d) for the device 
illustrated in Fig. 1(a). (e) The schematic coordinate system adopted in this study. 
 
Figure 2 
The magnetic field distribution on the wire position on the center conductive strip line of CPW 
at the phase (a) 0D  and (b) 180D , calculated by HFSS. The magnetic field distribution on the 
wire position between the center strip line and the ground line of CPW at the phase (c) 0D  
and (d) 180D . The phases 0D  and 180D  correspond to the direction of the current and are 
respectively the same and opposite as/to the positive x  direction, which is parallel to the 
longitudinal axis of the wire. 
 
Figure 3 
The impedance ( )Z ω  of the system comprising the wire on the center conductive strip line 
of the CPW as a function of the RF frequency 2ω π . 
 
 
 
 
 
  24/33 
 
Figure 4 
(a) DC voltage spectra ( )0V ω  generated by the 22 nm-thick Ni81Fe19 wire on the center strip 
line of the CPW in response to the RF current in the magnetic field of 
ext 100, 200, 400,600=H  and 800  Oe for 30θ = D . (b) The frequency of the center 
position between the peak and the dip of the spectra as a function of the applied magnetic field. 
The line is a fit of Eq. (25) to the data. (c) ( )0V ω  for different angles θ  between the 
direction of the applied magnetic field and the longitudinal axis of the wire. Each resonant 
response is vertically shifted for clarity. 
 
Figure 5 
The (red) solid circles show the angle θ  dependence of the DC voltage difference ( )0 kV ωΔ  
at the FMR frequency in the magnetic field of (a) ext 900=H  Oe and (b) ext 30=H  Oe. 
The (black) solid lines represent the corresponding fits from case (i) and (ii) of Eq. (18) (see 
Text) 
 
Figure 6 
The rectifying spectra ( )0V ω  generated by the in-plane RF field (the red solid line) and that 
by the RF spin-polarized current (the black dashed line) as a function of the RF frequency. 
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Figure 7 
(a) DC voltage spectra ( )0V ω  generated in the 30 nm-thick Ni81Fe19 wire prepared between 
the center strip line and the ground line of the CPW (Fig. 1(b)) in response to the RF current in 
the magnetic fields ext 100, 200, 400,600=H  and 800  Oe for 150θ = D . (b) The 
frequency of the center position between the peak and the dip of the spectra as function of the 
magnetic field. The line is a fit of Eq. (25) to the data. ( )0V ω  as a function of the magnetic 
field shown in the inset of Fig. 7(b). (c) ( )0V ω  for different angles θ  between the direction 
of the applied magnetic field and the longitudinal axis of the wire. Each resonant response is 
vertically shifted for clarity. 
 
Figure 8 
The (red) solid circles show the angle θ  dependence of the DC voltage difference ( )0 kV ωΔ  
at the FMR frequency in the magnetic field of (a) ext 600=H  Oe and (b) ext 50=H  Oe. 
The (black) solid line in Fig. 8(a) represents the corresponding fits from Eq. (29). The (black) 
solid line in Fig. 8(b) represents a sin 2 sinθ θ−  curve. The fitting line is qualitatively in 
positive agreement with the data. 
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